on behalf of the HELENA study group BACKGROUND/OBJECTIVES: Adolescents are at risk of iron deficiency because of their high iron requirements. The aims of this study were: (1) to assess iron intake, its determinants and its most important food sources and; (2) to evaluate the relation of iron intake and status in European adolescents. SUBJECTS/METHODS: Two non-consecutive 24-h recalls were completed by a computerised tool. The socio-demographic and socio-economic data were collected by a self-reported questionnaire. Weight and height were measured. A distinction was made between haem and non-haem iron. RESULTS: The total iron intake was significantly higher among boys (13.8 mg/day; n ¼ 1077) than girls (11.0 mg/day; n ¼ 1253). About 97.3% of the boys and 87.8% of the girls met the estimated average requirement, and 72.4% of the boys and 13.7% of the girls met the recommendation for bio-available iron intake. The ratio of haem/non-haem iron intake was lower for girls than boys. Meat (19.2; 76%) and bread and rolls (12.6;3.9%) contributed most to total and haem iron intake. Bread and rolls (13.8%) and meat (10.8%) contributed most to non-haem iron intake. Age, sex and body mass index were associated with iron intake. Only red blood cell concentration was significantly negatively associated with total, haem and non-haem iron intake. CONCLUSION: Girls had lower iron intakes and ratio of haem/non-haem iron intake than boys. The main total iron and haem iron source was meat, while the main non-haem iron source was bread and rolls. Adolescent girls may be a group at risk for iron deficiency. Consequently, special attention and strategies are needed in order to improve iron intakes during adolescence.
INTRODUCTION
Long-term inadequate iron intake may lead to iron deficiency anaemia, impaired work capacity, impaired cognitive and psychomotor development among children and a higher vulnerability for infections. 1 Anaemia affects 1.62 billion people world-wide, representing 25% of the world population. 2 Iron deficiency is the most common cause of anaemia, 3 and even in the developed world, an estimated 30-40% of preschool children suffer from iron depletion. 4 Iron in foods occurs as haem and non-haem iron. Haem iron has a higher bio-availability and can be found primarily as haemoglobin and myoglobin in meat, poultry and fish. Haem iron is an essential component of the red blood cells and provides the oxygen transport. Non-haem iron is mostly found in vegetable products but can also be found in the liver, spleen and bone marrow in the form of ferritin and haemosiderin. 5 The average absorption of haem iron from meat-containing meals is about 25%, 6 but may vary from about 40% during iron deficiency to about 10% during iron repletion. 7 Non-haem iron makes up about 90% of total ingested iron in an omnivorous Western diet. 8 The absorption of non-haem iron is less uniform and is influenced by individual iron status, 9 the amount of potentially available non-haem iron and the balance between enhancing and inhibiting factors. 10 Absorption of non-haem iron from the diet is assumed to be on average 5-15%. 5 Dietary composition is particularly important when iron reserves are low, or in the presence of iron deficiency. 11 Adolescents are at risk of iron deficiency because of their high iron requirements, especially during the growth spurt phase. For example, in boys, increased muscular growth leads to increased 1 Scientific Institute of Public Health, Department of Public Health and Surveillance, Brussels, Belgium; demand for iron. While in girls, in addition to the fast growth, the onset of menstruation leads to iron losses. 12 Menstrual blood losses are very constant from month to month for an individual but vary markedly from one woman to another. 13 Previous studies suggested that iron deficiency may affect memory and learning processes in adolescents. 14 It has also been shown that obesity may be associated with decreased iron absorption, independent of iron status. 15 Therefore, the aims of this study were: (1) to determine iron intake as well as the effect of several predictor variables on iron intake and the most important food sources contributing to iron intake in European adolescents and; (2) to study the relation of iron intake and iron status in those adolescents. A distinction was made between haem and non-haem in order to estimate bioavailable iron.
SUBJECTS AND METHODS

Study design
The aim of the HELENA-CSS (Healthy Lifestyle in Europe by Nutrition in Adolescence-Cross Sectional Study) was to obtain standardised, reliable and comparable data from a random sample of European adolescents on a broad battery of relevant nutrition-and health-related parameters. 16, 17 Data collection took place from September 2006 till December 2007 in 10 different European cities. A detailed description of the HELENA-CSS sampling and recruitment procedures, standardisation and harmonisation processes, data collection, analysis strategies and quality control activities has been described elsewhere. 16 
Subjects
A random cluster sampling of 3000 European adolescents (target number) aged 12.5-17.5 years from 10 European cities, stratified for geographical location, age and socio-economic status, was carried out. After receiving complete information about the aims and methods of the study, all adolescents and their parents signed an informed consent form. The study was performed following the ethical guidelines of the Declaration of Helsinki, the Good Clinical Practice rules and the legislation about clinical research in humans in each of the participating countries. The protocol was approved by the Human Research Review Committees of the centres involved. 18 Participants were excluded a posteriori from the database if they met one of the exclusion criteria: o12.5 orX17.5 years old, no measurement of weight and/or height, completion ofo75% of the tests, participating simultaneously in another clinical trial or acute infection less than 1 week before the inclusion. 16 The total HELENA study population consisted of 3528 adolescents (52.3% females).
Dietary intake assessment
Dietary intake was assessed using a computerised 24-h recall on 2 non-consecutive days of the week, excluding weekend days, and within a time span of 2 weeks. 19 Dietary assessment was performed by a computerised tool for self-administered 24 h recalls, HELENA-DIAT, based on a previous version developed for Flemish adolescents, called Young Adolescents' Nutrition Assessment on Computer (YANA-C). This tool has been proven to provide a valid measurement of food consumption (not for supplements) compared to an interview by a dietician. 20 Dieticians were available for assistance, if necessary.
Country-specific recipes were used in order to disaggregate recipes and dishes into ingredients. Energy intakes were estimated from the reported consumption of foods by applying the German food composition table (Bundeslebensmittelschlü ssel, BLS). 21 In this specific study, a distinction was made between haem and non-haem iron based on the NEVO table (Dutch Food Composition Table) . 22 Losses during preparations were taken into account as all foods were coded 'as eaten' and not 'as raw'. 22 As on average 25% of haem iron 1 and 10% of non-haem iron 5 are absorbable, bio-available iron intake was estimated as follows: bioavailable iron intake ¼ (haem iron intake Â 0.25) þ (non-haem iron intake Â 0.10).
The estimated average requirement (EAR) for total iron is 7.9 mg for girls414 years and 5.7 mg for girls p14 years, 7.7 mg for boys414 years and 5.9 mg for boys p14 years, according to the US Institute of Medicine Dietary Reference Intakes. 23 The EAR assumes that girls younger than 14 years do not menstruate and that all girls 14 years and older do menstruate. For girls under age 14 who started to menstruate, the EAR increases by approximately 2.5 mg/day of iron to 8.2 mg/day. 23 The median absolute required intake for bio-available iron (mg/day) is 1.17 for boys o15 years, 1.50 for boys X15 years, 1.68 for girls o15 years and 1.62 for girls X15 years. 10 These values take into account the requirement for growth, for basal losses and menstrual losses (girls only).
Questionnaire
A self-reported questionnaire was used to collect data on living conditions, family structure, employment status, occupation and education level of both parents. 24 Present smoking status was inquired through the question: 'How often do you currently smoke (every day/at least once a week but not every day/less than once a week/I do not smoke)?' and afterwards dichotomised. Smoking status was thus self-reported and not controlled. A measure for physical activity was obtained by the International Physical Activity Questionnaire for Adolescents. 25 Adolescents that performed at Intake and dietary sources of haem and non-haem iron S Vandevijvere et al least 60 min per day of moderate and vigorous activity were classified as active. 26 
Physical examination
The methodology used to collect anthropometric data has been previously described. 27 Body mass index (BMI) was calculated as body weight in kilograms divided by the square of height in metres. Pubertal status (stages I-V) was assessed by a medical doctor according to Tanner and Whitehouse 28 , based on breast development and pubic hair status in females and genital and pubic hair development in males.
Biochemical analyses
Fasting venous blood samples were drawn at school in the morning according to a standardised collection protocol. 29 Whole-blood samples for the red blood parameters, including haemoglobin measurements, were sent directly to the local laboratory of each country to be analysed. Samples for biochemical iron indicator analyses were clotted at room temperature for at least 30 min, followed by centrifugation at 3500 r.p.m. for 10 min and serum samples were shipped to the central laboratory in Bonn University (IEL, Germany), to be stored at À 80 1C before being shipped to Italy. The aliquots of serum samples were analysed in the Human Nutrition Laboratory of the National Research Institute on Food and Nutrition. Serum ferritin (SF), serum transferrin receptor and C-reactive protein were measured using an enzyme-linked immunosorbent assay. 30 The quality control approach has been described previously. 31 Anaemia was defined as haemoglobin concentration below the cut-off set by the WHO, 12 g/dl for girls aged 12 years and above and for boys aged 12-14 years, and 13.0 g/dl for boys aged 15 years or above. As the altitudes of the selected cities broadly ranged from 0 to 250 m above sea level, the influence of altitude on haemoglobin levels was considered to be negligible and the cut-off point was not adjusted for altitude. A serum ferritin levelo15 mg/l was defined as too low.
3 Table 2 . Energy intake (kcal/day), absolute (mg/day) and energy-adjusted (mg/1000 kcal) intake of total, haem, non-haem and bio-available iron and concentration of haemoglobin (g/dl), red blood cells (10 Â 6/ml), haematocrit (%), mean corpuscular volume (fl), ferritin (mg/l) and soluble transferrin receptor (mg/l) (2001)).
b Median total absolute requirements for respectivelyo15 andX15 year old boys and girls, assuming girls are menstruating (FAO/WHO (2002) 32 A participant was considered as suffering from active inflammation, if the C-reactive protein concentration exceeded 5 mg/l. 33 
Statistical analyses
Only adolescents with valid data for the two 24-h dietary recalls were included in the statistical analyses. Underreporters were not excluded from the analyses but iron intakes were adjusted for energy intake.
The usual dietary intake of energy (kcal/day), total iron, haem iron and non-haem iron (mg/day) was estimated using the Multiple Source Method. 34 This method takes into account within-person and betweenperson variability. Usual intakes were corrected for age, sex, study centre as well as an interaction term for age and sex. Also total iron, haem iron and non-haem iron adjusted for energy intake were calculated. For determining the proportion of adolescents who had an iron intake below the recommendations, the EAR cut-point method was used, 35 estimating the prevalence of inadequate intakes as the proportion of the population with usual intakes below the EAR. Using the full probability approach is not possible for iron, as one cannot assume normality of the requirement distribution. 
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For categorical variables, differences between boys and girls were assessed with the w 2 test while for continuous variables, differences between boys and girls were assessed with the Wilcoxon rank sum test. The population proportion formula was used to determine the percentage contribution of each of the food groups (beverages, grain products and potatoes (including bread and rolls), vegetables, fruits, milk(products) and calcium-enriched soy products, fats and oils, meat/poultry/fish/egg/meat alternates, energy-dense low-nutritious foods) to the intake of each dietary component (total, haem and non-haem iron). 36, 37 Mixed model linear regression was used to investigate the effect of several predictor variables (age, sex, Tanner stage, BMI, smoking behaviour, physical activity, occupation of the father, education of the mother) on total iron, haem and non-haem iron intake, with centre and school as random effects.
For the analyses evaluating associations between iron intake and iron status, adolescents with C-reactive protein levels higher than 5 mg/l and with serum ferritin levels higher than 200 mg/l were excluded to eliminate an influence of inflammation on serum ferritin levels 33 and to avoid a possible association with haemocromatosis or metabolic syndrome. 38 Mixed model linear regressions were used to investigate associations between intake of total, haem and non-haem iron and iron status parameters, with sex, age, BMI and smoking behaviour as fixed effects and centre and school as random effects. All analyses were performed using the statistical software STATA 10.0 (StataCorp, College Station, TX, USA).
RESULTS
In total, 2330 adolescents were included in our study (1077 boys and 1253 girls) ( Table 1) (Supplementary Annex Table 1 ). The total iron intake among boys (13.8 mg/day) was significantly higher than among girls (11.0 mg/day) (Po0.001). There were 97.3% boys and 87.8% girls who met the EAR for total iron intake. There were 72.4% of the boys and 13.7% of the girls meeting the recommendation for bio-available iron intake. The ratio of nonhaem iron/haem iron intake was greater for girls than for boys (Po0.001). When adjusted by energy intake, total iron intake was higher among girls than among boys but the ratio of non-haem iron/haem iron intake remained higher among girls than boys (Table 2) .
Meat had the largest contribution to total iron intake (19.2%), while bread and rolls were the second greatest contributor to total iron intake (12.6%) ( Table 3 ). For both the boys and girls, the top three contributors to total iron intake were meat (20.5 and 17.1%, respectively), bread and rolls (12.8 and 12.7%, respectively), and vegetables excluding potatoes (6.4 and 8.5%, respectively).
The list of top five contributors to haem iron intake was completed with meat (76%), bread and rolls (3.9%), fish products (3.6%), soups and bouillons (3.4%) and starch roots and potatoes (3.4%). The list of top five contributors to non-haem iron intake was completed with bread and rolls (13.8%), meat (10.8%), vegetables excluding potatoes (8.3%), fruit and vegetable juices (6.2%) and carbonated/soft/isotonic drinks (5.6%) ( Table 3 ). For boys, the top three contributors to haem iron intake were meat (76.7%), bread and rolls (3.8%) and soups and bouillon (3.8%), while for girls, these were meat (75.7%), fish products (4.4%) and bread and rolls (4.2%). For both the boys and girls, the top three contributors to nonhaem iron intake were bread and rolls (14.1 and 13.8%, respectively), meat (11.6 and 9.5%, respectively) and vegetables excluding potatoes (7.2% and 9.4% respectively) (data not shown).
Total iron intake significantly increased with increasing age (P ¼ 0.048) and was significantly higher among girls than boys (Po0.001), adjusted for other predictor variables (Table 4) . 
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In addition, total iron intake was significantly higher among obese and overweight adolescents, compared to normal weight adolescents (Po0.001). Total iron intake was higher among smokers, but the difference with non-smokers was not significant. Haem iron intake was significantly lower among girls than boys (P ¼ 0.002) and was significantly higher among obese and overweight adolescents, compared to normal weight adolescents (Po0.001). Haem iron intake was lower among adolescents who were sufficiently physically active compared to those who were not sufficiently active, but the difference was not significant. Nonhaem iron intake increased with age, was significantly higher among girls than boys (Po0.001), among obese and overweight adolescents compared to normal weight adolescents (Po0.001) and was significantly higher among smokers compared to nonsmokers (P ¼ 0.014) ( Table 4) . Table 5 shows the association between total, haem and nonhaem iron intake (both adjusted and not adjusted for energy intake) and several iron status parameters. Only the concentration of red blood cells was significantly negatively associated with total iron intake (P ¼ 0.011), haem iron intake (P ¼ 0.039) and non-haem iron intake (P ¼ 0.045) ( Table 5) .
DISCUSSION
Girls had lower absolute iron intakes than boys and in addition, their ratio of non-haem/haem iron intake was higher compared to boys. For both boys and girls, the main total iron and haem iron source was meat products, while the main non-haem iron source was bread and rolls. Less than 3% of the boys had iron intakes lower than the EAR and less than 30% of the boys did not meet requirements for bio-available iron intake. More than 10% of the girls had iron intakes lower than the EAR and only about 14% of the girls met the requirements for bio-available iron intake. It is important to note that it was assumed that all girls were menstruating in this study, which may have slightly underestimated the percentage of girls meeting the requirements within the age group 12.5-14 years. On the other hand, the EAR cut-point method assumes a symmetric distribution of requirements, which may work well for boys, but not necessarily for girls, 35 as the distribution of iron losses is skewed to the right with some girls having very high menstrual losses. This means the EAR cut-point method may produce an underestimation of the true prevalence of inadequate intakes among girls. Overall, age, sex and BMI were associated with iron intake. Adolescent boys, older adolescents and adolescents with higher BMI had more optimal iron intake. However, when adjusted for energy intake, adolescent girls had significantly higher iron intakes than boys.
It has been reported previously on the same study sample that the percentage of iron depletion was 21% in girls and 13.8% in boys. In addition, percentage of iron deficiency and iron deficiency anemia was 4.7 and 1.3%, respectively in the whole sample without significant differences between boys and girls. 39 Overall, in the present study, we did not find associations between iron intake and iron status in European adolescents, apart from the concentration of red blood cells that was negatively associated with total iron intake, haem iron intake and non-haem iron intake. This is probably due to the complex relationships between iron intake and the different iron status parameters and the large interindividual variation of iron absorption. Many of those parameters are influenced by other factors than only iron intake. For instance, calcium and vitamin C intakes and menstruation in girls could influence the iron status in addition to iron intakes and non-iron-deficiency anaemia (anaemia of inflammation or deficiencies of some nutrients) makes up an important part of all anaemia cases in industrialised countries. In this study, associations were only adjusted for age, sex, smoking status and BMI. Socio-economic status and puberty were not associated with iron intake. In addition, although long-term intakes were estimated based on statistical methods, to estimate the true long-term iron intake for an individual, a large number of days is necessary. 40 However, in the United Kingdom, it was demonstrated that iron status indices were strongly correlated with haem iron intake, but not with total or non-haem iron intake among young people aged 4-18 years. 41 In the Netherlands, among adults, iron status correlated negatively with the vegetable fraction of the diet, and positively with factors from the animal fraction. 42 The study had several limitations. First, the small number of adolescents with iron deficiency makes it difficult to identify a possible association between iron deficiency and iron intakes from a statistical point of view. Furthermore, the data presented in this paper did not include the use of iron supplements, as this information was not available from the study. However, a minority of adolescents is expected to use iron-containing supplements on a regular basis. 43, 44 As for most girls, it was not known whether they were menstruating or not, it was assumed they were. However, this may have slightly overestimated the prevalence of younger girls (12.5-14 years) with inadequate iron intakes. The fact that only week days (no weekend days) were included, may pose a limitation because eating habits of adolescents may be different during weekends than on normal week days. The fact that no country-specific food composition databases were used to determine haem and non-haem iron intakes poses a limitation, as climatic situation and soil conditions may vary between countries. In addition, inhibitors and enhancers of iron bio-availability were not taken into account in this study due to lack of good equations.
In conclusion, girls had lower absolute and bio-available iron intakes than boys and in addition, their ratio of non-haem/haem iron intake was higher compared to boys. More than 10% of the girls had intakes lower than the EAR and only 13% met the requirements for bio-available iron intake. For both boys and girls, the main total iron and haem iron source was meat products, while the main non-haem iron source was bread and rolls. Age, sex and BMI were associated with iron intake. Adolescent girls may be a group at risk for iron deficiency. Consequently, special attention and strategies are needed in order to improve iron intakes during adolescence.
